Here we present the polymer conjugates where the core formed by poly(amido amine) dendrimers was grafted with semitelechelic N-(2-hydroxypropyl)methacrylamide (HPMA) copolymers containing docetaxel (DTX) attached by a pH-sensitive hydrazone bond. DTX was derivatized with three different keto acids prior to attachment to the polymer carrier to introduce reactive keto groups into the drug.
Introduction
In designing an efficient drug delivery system, proper selection of the polymer carrier and the spacer between the drug and its carrier is crucial. 1, 2 The tumor-accumulation principle of the enhanced permeability and retention (EPR) effect of macromolecules in solid tumors was originally described in 1986 by Matsumura and Maeda. 3 The EPR effect takes advantage of (i) the aberrant architecture of tumor blood vessels, (ii) the higher production of vascular permeability factors and (iii) the lack of functional lymphatic drainage in tumor tissue. [3] [4] [5] These tumor-specific features lead to the accumulation of biocompatible macromolecular drugs in tumor tissue, which results in their superior anti-tumor activity and decreased adverse effects. Recent progress in designing nanomedicines with anti-tumor activity has utilized the EPR effect as the prime principle of tumor targeting. 6, 7 Among synthetic polymer drug carriers, the water-soluble HPMA copolymers [8] [9] [10] represent one of the most intensively studied and most promising systems for enabling actively or passively targeted drug delivery. [11] [12] [13] HPMA copolymers are nontoxic and nonimmunogenic drug carriers enabling easy control of drug loading. High-molecular-weight (HMW) HPMA copolymers (M w > 50 g mol −1 ) circulate longer and preferentially accumulate in tumor tissue via the EPR effect. 14 The effect of EPR on accumulation of poly(HPMA) polymers in sarcoma 15 and HPMA copolymers (PHPMA) in lymphoma 16 and other tumors 17 has been demonstrated in mice. Furthermore, the proper selection of the spacer between the drug and the carrier is a crucial step for obtaining a tumor-or tumor cell-specific drug release. The drug can be released from the polymer conjugate by specific enzymatic cleavage 18, 19 or by pH-controlled chemical hydrolysis [20] [21] [22] (e.g., a hydrazone bond or cis-aconityl spacer).
To improve the tumor accumulation of HPMA copolymer-drug conjugates, the molecular size of the polymer carrier should be increased, either by branching or grafting HPMA copolymers or by their self-assembly to form micellar structures. However, the synthesis of branched polymer chains or graft polymers in a comb-like structure is relatively difficult to control; a high polydispersity index and lower reproducibility become a concern. In designing our drug carrier system we decided to use a dendrimer. Dendrimers are nearly monodisperse and their surface can be freely and explicitly modified, e.g., by attaching semitelechelic PHPMA. Grafting of the dendrimer by PHPMA decreases the toxicity of the dendrimer as well.
Similarly, we previously reported that a PHPMA-modified PAMAM dendrimer conjugated with doxorubicin (DOX) showed superior tumor accumulation and anti-tumor activity compared to that of linear HPMA copolymer conjugates of DOX. 23, 24 Taxanes such as paclitaxel and its semisynthetic analog docetaxel (DTX) are potent anti-cancer agents frequently used in treatment regimens for patients with breast, ovarian, prostate, lung, and other cancers. They interfere with microtubule disassembly, thereby inhibiting cell division and inducing cell death. 25 As with many other chemotherapeutic agents, metronomic dosing schedules with taxanes have been shown to exert anti-angiogenic activity in solid tumors. 26, 27 One of the major disadvantages of taxanes is their prominent hydrophobic character. They must be administered in oily formulations using emulsifiers, such as mixtures of ethanol and Cremophor EL or polysorbate 80. The solvents were shown to induce serious adverse reactions in a considerable proportion of patients. A significant decrease in the drug effectiveness due to the presence of Cremophor EL was reported in several tumor models. 28 Thus, new strategies for improving the dosage form of taxanes remain highly desirable. In addition, achievement of more favorable pharmacokinetics, better bioavailability, and targeting of the drug to the tumor is required for improvement of the therapeutic effect and a reduction of systemic toxicity. In the literature, there have been described numerous attempts to prepare a drug delivery system for paclitaxel or docetaxel, including nanoparticles, liposomes, micelles or polymer conjugates. Various nanocarriers of paclitaxel are in different stages of clinical evaluation, with some having been commercialized, including Abraxane®, Lipusu, and Genexol PM®. 29 Previously, we described conjugates of paclitaxel and docetaxel with a linear HPMA copolymer carrier representing water-soluble prodrugs with tunable drug content and a clear anti-cancer effect in treating experimental murine tumors, such as EL4 T-cell lymphoma and 4T1 breast carcinoma. 30 Here we describe the synthesis and physico-chemical properties of HMW star polymer-DTX conjugates designed for efficient tumor accumulation via the EPR effect and macromolecular nature of the star polymer-drug carrier, and present results from the biological evaluation of these new DTX conjugates. The star polymer carriers were prepared by grafting semitelechelic HPMA copolymers (M w ∼ 27-30 000 g mol −1 ) onto poly(amido amine) (PAMAM) dendrimer cores, which formed HMW star-like structures with a narrow distribution of molecular weights. With the aim of attaching DTX to the polymer carrier via a hydrazone bond, DTX was modified by three different keto acids prior to attachment; thus keto groups suitable for hydrazone bond formation were introduced. Our intention was to keep the hydrodynamic diameter of the star conjugates below 30 nm, as Kataoka's group recently demonstrated that polymer micelles exceeding 30 nm poorly penetrated some types of tumor tissue. 31 In vitro cytotoxic/cytostatic activity of the polymer DTX conjugates was determined using several murine tumor cell lines. Very good results with the star DTX conjugates were obtained in vivo, including remarkably high maximum tolerated dose (MTD) and an excellent anti-tumor effect demonstrated in mice using the experimental murine EL4 T-cell lymphoma.
Materials and methods

Chemicals
1-Aminopropan-2-ol, methacryloyl chloride, 2,2′-azobis(isobutyronitrile) (AIBN), 4,4′-azobis(4-cyanovaleric acid) (ABIC), 6-aminohexanoic acid (ah), N,N′-dimethylformamide (DMF), N,N′-dicyclohexylcarbodiimide (DCC), N,N′-diisopropylcarbodiimide (DIPC), 1-hydroxy benzotriazole (HOBT), leucylglycine, levulinic acid (LEV), 6-oxohept-2-enoic acid (OHT), glycylphenylalanine, phthalaldehyde (OPA), N-ethyldiisopropylamine (EDPA), dimethyl sulfoxide (DMSO), tert-butyl carbazate, 4,5-dihydrothiazole-2-thiol, ethylenediaminetetraacetic acid (EDTA), ethylenediamine (EDA), cathepsin B and trifluoroacetic acid (TFA) were purchased from Fluka. 5-Cyclohexyl-5-oxovaleric acid (COV) was purchased from Rieke Chemicals. Docetaxel (DTX) was purchased from Aurisco, China and 2,4,6-trinitrobenzene-1-sulfonic acid (TNBSA) from Serva, Heidelberg, Germany. Poly(amido amine) (PAMAM) dendrimers were purchased from Dendritic Nanotechnologies, Inc., USA.
Synthesis of monomers and oligopeptide
N-(2-Hydroxypropyl)methacrylamide (HPMA) was synthesized as described in ref. 10 using K 2 CO 3 as a base. M.p. 70°C; purity > 99.8% (HPLC); elemental analysis: calcd, C 58.72%, H 9.15%, N 9.78%; found, C 58.98%, H 9.18%, N 9.82%. N-(tert-Butoxycarbonyl)-N′-(6-methacrylamidohexanoyl)-hydrazine (Ma-ah-NHNH-Boc) was prepared in two-step synthesis as described in ref. 32 The linear tetrapeptide H-Gly-Phe-Leu-Gly-OH (H-GFLG-OH) was prepared as described. 30 The product was characterized by − . Purity of all the monomers, oligopeptides and derivatives mentioned above was examined by HPLC (Shimadzu, Japan) using a reverse-phase column (Chromolith Performance RP-18e; 100 × 4.6 mm) with UV detection at 230 nm, the eluent water-acetonitrile with an acetonitrile gradient of 0-100 vol.%, and a flow rate of 0.5 mL min −1 .
Synthesis of polymer precursors and polymer-drug conjugates
A semitelechelic HPMA copolymer terminated in the thiazolidine-2-thione (TT) groups containing hydrazide groups protected with tert-butoxycarbonyl groups (Boc) ( polymer 1, Table 1 ) was prepared by radical copolymerization of HPMA (1.0 g, 0.007 mol) with Ma-ah-NHNH-Boc (189 mg, 0.6 mmol) in DMSO (7.4 mL) initiated with the azo-initiator 3,3′-[azobis-(4-cyano-4-methyl-1-oxobutane-4,1-diyl)]bis(thiazolidine-2-thione) (ABIC-TT, 0.38 g, 0.76 mmol). Polymerization was carried out in a sealed ampoule at 60°C (6 h). The polymer was isolated by precipitation in an acetone-diethyl ether mixture (1 : 1) and purified by re-precipitation from a methanol solution into the same mixture. The polymer was filtered off, washed with diethyl ether, and dried under vacuum. The yield was 850 mg (72.8%). The content of end-chain TT groups was determined spectrophotometrically on a Helios Alfa (Thermochrom) spectrophotometer using ε 305 = 10 700 L mol
The semitelechelic polymer precursor 2 (Table 1) , a HPMA copolymer with chain-terminating carboxyl group of the GFLG oligopeptide, was prepared by the reaction of terminal TT groups of polymer 1 with the amino group of the H-GFLG-OH oligopeptide in DMF as described in ref. 23 . The content of end chain GFLG sequences was determined by amino acid analysis (Shimadzu, Japan, pre-column OPA derivatization).
Statistical copolymers of HPMA with Ma-ah-NHNH 2 ( polymer 3, Table 1 ) and polymer conjugate 4 ( Table 2) bearing DTX-LEV attached via a pH-sensitive hydrazone bond were prepared by the reaction described in detail recently. 30 
Synthesis of star precursors and polymer conjugates
The star polymer precursors were prepared by grafting the reactive semitelechelic HPMA copolymer precursors 1 or 2 onto the 2nd generation (G2) PAMAM dendrimers containing 16 terminal amino groups and a diaminobutan core.
Star polymer precursor 5 containing Boc-protected hydrazide groups was prepared by aminolysis of the TT groups of copolymer 1 with amino groups of the PAMAM dendrimer in methanol. Briefly, polymer 1 (654 mg; 0.06 mmol TT groups) was dissolved in 16 mL of methanol and added into a stirred solution of 16 mg of PAMAM dendrimer in 6.1 mL of methanol. After 2 h, the reaction was completed by adding 5 μL of 1-aminopropan-2-ol. Low molecular weight (LMW) impurities were removed by gel filtration (Sephadex LH-20, methanol d Semitelechelic copolymers containing the main chain-end reactive group. solvent). The polymer-modified dendrimer was isolated by precipitation in ethyl acetate. Star polymer precursor 9 ( Table 2) was prepared by the reaction of the carboxyl group of the GFLG-OH terminal sequence of polymer 2 with amino groups of PAMAM dendrimer in DMF using the carbodiimide coupling method. Polymer 2 (200 mg; 12.2 μmol COOH groups) was dissolved in 4 mL of DMF and mixed with 13 μL of DIPC (11.4 mg, 84.7 μmol). After 5 min of stirring, a solution of 4.3 mg PAMAM dendrimer in 550 μL of DMF was added to the reaction mixture. After 20 h of stirring at room temperature, the reaction mixture was diluted with 13 mL of methanol, and LMW impurities were removed by gel filtration (Sephadex LH-20, methanol solvent). The star polymer was isolated by precipitation by acetone.
Free hydrazide groups needed for DTX derivative attachment were obtained in polymer precursors 5 and 9 by removing the protecting Boc groups from the hydrazides with concentrated TFA. Polymer conjugates 6, 7, 8 and 10 (Table 2) , which had DTX derivatives attached via a pH-sensitive hydrazone bond, were prepared by the reaction of the precursors 5 or 9 with an appropriate DTX derivative for 2 h in methanol in the dark. The polymer-drug conjugates were purified from LMW impurities (DTX or its degradation products) by gel filtration on a Sephadex LH-20 column using methanol as the eluent.
Characterization of polymers and polymer-DTX conjugates
All the conjugates were characterized and tested for the content of free polymer or free drug using an HPLC (Shimadzu, Japan) equipped with GPC columns Superose™ 6 or TSKgel G3000SWxl and TLC (Kieselgel 60 F254). In addition, the content of free DTX or its derivatives was determined by HPLC after extraction of the respective drug from the aqueous solution of the conjugate by chloroform.
The total content of DTX derivatives in the polymer conjugates was determined by HPLC after complete hydrolysis of the polymer conjugates in an HCl solution ( pH 2) for 1 h at 37°C and extraction of derivatives by chloroform. No evidence of by-product formation during analysis was detected.
Determination of the molecular weight and polydispersity of the conjugates was carried out with an HPLC equipped with RI, UV and multiangle light scattering DAWN EOS (Wyatt Co., USA) detectors using a mobile phase of 20% of 0.3 M acetate buffer (CH 3 COONa/CH 3 COOH; pH = 6.5; 0.5 g L −1 NaN 3 ) and 80% of methanol and a TSKgel G3000SWxl column. The content of hydrazide groups in polymer precursors was determined by a modified TNBSA assay as described earlier. 33 A molar absorption coefficient ε 500 = 17 200 L mol −1 cm −1 (λ = 500 nm), estimated for the model reaction of MA-ah-NHNH 2 with TNBSA, was used. The dynamic light scattering (DLS) of aqueous conjugate solutions was measured at a scattering angle of 173°on a Nano-ZS, Model ZEN3600 (Malvern, UK) zetasizer. The hydrodynamic radius (R h ) was determined using the DTS (Nano) program. MS spectra were measured using an LCQ Fleet spectrometer (Thermofisher Scientific).
In vitro release of DTX
The release rate of free or ester-DTX derivatives from the polymer conjugates was investigated by incubation of the conjugate in phosphate buffers at pH 5.0 or 7.4 (0.1 M phosphate buffer with 0.05 M NaCl) or in human plasma at 37°C. The concentration of the conjugate in solution was equivalent to 1.10-4 mM DTX. The amount of released drugs and their ester derivatives was determined by HPLC analysis after their extraction into an organic solvent. Analysis was performed on an HPLC instrument using a reverse-phase column (Chromolith Performance RP-18e; 100 × 4.6 mm) with UV detection at 230 nm, the eluent water-acetonitrile with an acetonitrile gradient of 0-100%, and a flow rate of 0.5 mL min −1 . All drugrelease data are expressed as the amounts of free drug relative to the total drug content in the conjugates. All experiments were carried out in triplicate.
In vitro degradation of the HMW star polymer conjugates
Polymer precursor 10 was incubated in sodium phosphate buffer (0.05 M sodium phosphate, 0.1 M NaCl, 1 mM EDTA, 3 mM GSH, pH 6) containing 0.5 μM cathepsin B at 37°C at a final polymer concentration of 15 mg mL −1 . The activity of the cysteine proteinase cathepsin B was determined every 24 h using Bz-Arg-NAp as the substrate. The enzyme concentration of cathepsin B was maintained at 5 × 10 −7 M, and the decreased enzyme activity was compensated by the addition of a fresh stock solution of cathepsin B. In predetermined time intervals, the molecular weight of the polymers was tested using HPLC.
In vitro cytotoxicity
Four murine cancer cell lines were used: EL4 T-cell lymphoma (ATCC TIB-39), 4T1 breast carcinoma (ATCC CRL-2539), CT26 colon carcinoma (ATCC CRL-2638), and LL2 lung carcinoma (ATCC CRL-1642). All cell lines were purchased from ATCC and maintained as recommended by the provider. The cells were cultivated in 96-well flat bottomed culture plates (Nunclon, Denmark) with various concentrations of conjugates and free DTX or DTX-LEV for 3 days. Cell counts at the beginning of cultivation were: 5000 per well for EL4, CT26, and LL2 cells, with 2500 per well for the 4T1 cell line. Cell proliferation was estimated by the standard 3 H-thymidine incorporation assay.
Alternatively, determination of overall metabolic activity using an MTT assay was used as a parameter of EL4 lymphoma cell proliferation. The IC 50 values were calculated as the drug concentrations that inhibit the cell proliferation or metabolic activity by 50% during the 3 day cultivation. Analysis of statistical significance of the survival times was conducted using the log-rank (Mantel-Cox) test and GraphPad Prism software. In all animal experiments, institutional guidelines for the care and use of laboratory animals were strictly followed under a protocol approved by the Institutional Animal Care and Use Committee of the Academy of Sciences of the Czech Republic, and conducted in compliance with local and European guidelines.
Results and discussion
We have already demonstrated the high efficacy of HMW star HPMA copolymer carriers containing doxorubicin in the treatment of tumors in mice (EL4 T-cell lymphoma). 23 We have used the EPR effect as the prime principle of tumor drug targeting in designing anti-tumor nanomedicines. Tumor-specific features causing the EPR effect led to the accumulation of biocompatible macromolecules in tumor tissue, which result in a superior anti-tumor effect with decreased adverse effects. In this study, we focused on improving the properties of the HMW drug carrier system, explored here for DTX delivery, using a new synthesis strategy of the HMW HPMA copolymer-DTX conjugates with well-defined architecture, proper control of molecular weight and with low polydispersity. The HMW polymer carriers were prepared by grafting the semitelechelic HPMA copolymers onto a PAMAM dendrimer core to form the star-like structures depicted in Fig. 2 . Molecular weight of the copolymer grafts bearing hydrazide groups enabling subsequent DTX derivative attachment was below the renal threshold and the copolymers were grafted onto the PAMAM dendrimer via a stable amide bond or enzymatically degradable linkages containing GFLG oligopeptide sequences. The molecular weight of the star polymer carrier exceeded the size limit for glomerular filtration of HPMA-based polymers, but the carrier structure allowed elimination of the polymer from the organism after its intracellular degradation.
Synthesis of polymer precursors and ester derivatives of DTX
Radical solution copolymerization of HPMA with a monomer bearing Boc-protected hydrazide groups (Ma-ah-NHNH-Boc) was initiated with ABIC-TT. This bifunctional azo-initiator, which contained reactive TT groups, was used for the synthesis of HPMA copolymer precursors terminating with the TT group, here termed semitelechelic copolymers. A previous study has shown that radical HPMA copolymerization can be precisely controlled by the initiator and monomer concentrations and polymerization temperature. 34 Therefore, radical polymerization using ABIC-TT was employed here in the synthesis of copolymer 1 ( Table 1 ). The polymerization conditions were chosen to keep the molecular weights of the copolymer under the renal threshold, which was a prerequisite for subsequent elimination of the polymer from the body via glomerular filtration. Despite the preference for a disproportionation termination reaction, the functionality (number of chainterminating TT functional groups per polymer chain) of the copolymer was higher than 1 (M n /M n,T ∼ 1.3). The semitelechelic copolymer bearing an end-chain biodegradable oligopeptide (copolymer 2) was prepared by aminolysis of the copolymer 1 with an oligopeptide H-GFLG-OH. The lower yield of the reaction resulted in a decreased functionality of the copolymer 2 (close to 1) without observed changes in molecular weight and polydispersity.
We have developed and published the strategy for the synthesis of polymer-drug conjugates based on DTX derivatives containing the keto group. 30 Introduction of the keto group by DTX esterification with keto acids enabled DTX attachment to the polymer carrier via pH-sensitive hydrazone bonds together with more slowly hydrolyzable ester bonds. Three keto acids (levulinic acid, 6-oxohept-2-enoic acid and 5-cyclohexyl-5-oxovaleric acid) were selected as promising candidates for DTX derivatization. The DTX acid derivatives, DTX-LEV, DTX-OHT and DTX-COV, were prepared by esterification of the primary hydroxyl group at C2′ of DTX with the carboxyl group of the above mentioned acids. The lower yield of the reaction (∼70%) was caused by a competing reaction, i.e., formation of diester derivatives of the acylated drug on the hydroxyls at both the C2′ and C7 positions. The products were purified from free DTX, keto acid diester and other components by preparative chromatography on silica. Approximately 95% product purity was determined by HPLC analysis with UV detection.
Synthesis of star polymer precursors and DTX conjugates
The star polymer conjugates were prepared by grafting semitelechelic copolymers 1 or 2 onto the second generation of PAMAM dendrimer containing 16 amino groups. Two structurally different types of the star polymer conjugates were synthesized. One type contained a stable, non-degradable amide bond between the polymer grafts and the central dendrimer ( polymers 5-8). The second type was a biodegradable polymer construct containing the enzymatically degradable oligopeptide GFLG sequence (polymers 9 and 10). In both types, the products of the grafting reactions were HMW polymers with a star structure and a relatively narrow distribution of molecular weights (M w ∼ 200 000 g mol −1 ; M w /M n ∼ 1.7), which made them applicable as drug carriers with passive targeting to solid tumors. Molecular characteristics of all the star copolymers were comparable and the method of synthesis and degradable or non-degradable structure did not significantly influence the molecular weight, polydispersity or Rh of the dendritic polymers derived from the PAMAM dendrimer. Removing the protective Boc groups from the copolymer hydrazides ( precursors 5 and 9) with TFA did not change the molecular weight or polydispersity of the copolymers. Star polymer-DTX conjugates 6, 7, 8 and 10, which contained DTX derivatives bound by a pH-sensitive hydrazone bond, were prepared by the reaction of keto groups of DTX derivatives with hydrazide groups of the polymer precursors 5 or 9 in methanol in the presence of a catalytic amount of acetic acid. In all cases, conversion was nearly complete and attachment of DTX derivatives had no significant influence on molecular weight, polydispersity, or Rh of the polymer conjugates.
The Rh of the polymer coil of the dendritic polymer conjugates in aqueous solution was much higher than that of the linear polymer-drug conjugate 4. Star polymer conjugates showed approximately three times higher Rh than the linear conjugate 4. This fulfilled the prerequisite criteria for enhanced accumulation of polymers in solid tumors due to the EPR effect. The scheme of the grafting reaction is given in Fig. 2 .
In vitro drug release
The results of the in vitro release of DTX and its ester derivatives from polymer conjugates 4, 6, 7 and 8 showed that the release rate of the DTX esters or free drug at pH 7.4 (37°C) was much lower than that at pH 5 (Fig. 3) . After 2 h of incubation of the copolymer conjugates at pH 7.4, 7-24% of total DTX and DTX esters were released, while at pH 5, depending on the DTX ester structure, 50% to almost 92% of liberated DTX ester was found.
The rate of release at both pHs strongly depended on the specific structure of the DTX ester, with the highest release for the OHT ester, a moderate release for the LEV ester and the lowest release for the COV ester. No significant difference in the rate of release for linear conjugate 4 or HMW star polymer conjugate 6 containing DTX-LEV was found. No effect of the size of the copolymer-drug conjugates or steric hindrance to hydrolysis was observed in this case. At pH 7.4, the hydrazone bond was cleaved faster within the first 8 h of incubation, with the rate decreasing in parallel with the decreasing concentration of hydrazone bonds in the solution. Subsequently, in the case of DTX-LEV, free DTX was slowly released by spon- taneous hydrolysis of the ester bond; 10-12% DTX (∼1/3 of total) was released within 24 h of incubation. Contrary to the spontaneous hydrolysis found with DTX-LEV, DTX-OHT and DTX-COV showed no evidence for release of free DTX within 24 h of incubation at pH 7.4. Similarly, no evidence of hydrolysis of the ester bond in all DTX esters was observed during 24 h of incubation at pH 5. Finally, the in vitro release experiment carried out with polymer conjugate 6 in human plasma showed almost the same release profile of total released DTX (free DTX and DTX-LEV) as observed in phosphate buffer at pH 7.4 (see Fig. 4 ). The major difference in DTX release from polymer 6 in plasma and in a buffer with pH 7.4 was free DTX with a two-fold higher free DTX detected after 24 h of incubation of copolymer 6 in plasma. We suppose that the higher rate of hydrolysis of the ester bond in the released DTX-LEV in plasma was caused by the enzymatic activity of esterases present in human plasma. No evidence of enzymatic hydrolysis of the ester bond in DTX-LEV attached to the polymer was observed during 24 h of incubation in human plasma.
A basic criterion for effective drug delivery is the stability of the system during its transport in the blood and release of the drug at the site of action. Polymer conjugates 4, 6 and 10 containing DTX-LEV better fulfilled this criterion than the others, as demonstrated by the higher difference in the stability in model solutions at pH 5 and 7.4. That was why polymer conjugates 4, 6 and 10 were selected for further in vitro and in vivo biological evaluation.
In vitro degradation of star polymer carriers
Recently, we have shown that accumulation of the copolymers in solid tumors via the EPR effect 24, 35 significantly depends on the molecular weight of the polymer conjugate. Linear HPMAbased copolymers are non-biodegradable polymers with a limited potential to be removed from the organism by glomerular filtration when the molecular weight exceeds the renal threshold (approx. 50 000 g mol
). 35 The biodegradable star HPMA-based copolymer 10 consisted of a polymer precursor 2 grafted onto small rigid dendrimer cores via an enzymatically degradable oligopeptide sequence. The degradation of the conjugate was studied in phosphate buffer (pH 6) containing cathepsin B to simulate the intracellular environment (lysosomes). Star polymer conjugate 10, which contained enzymatically degradable GFLG sequences, was hydrolyzed slowly within 72 h of incubation in the buffer containing 0.5 μM cathepsin B (Fig. 5) . As expected, the hydrolysis products were polymers with molecular weights comparable with HPMA copolymers used for the synthesis (∼35 000 g mol −1 ). The stability of the star polymer conjugates in buffers mimicking blood circulation was tested by incubation in a phosphate buffer ( pH 7.4) or in human plasma. No changes in molecular weight or polydispersity of the conjugates were observed.
The results of enzymatic degradation demonstrated that the conjugate 10 was stable under conditions modeling the blood stream, but underwent degradation after incubation in an intracellular environment-mimicking media. Thus, the HMW polymer-DTX conjugate derived from the PAMAM dendrimer and HPMA copolymers is expected to accumulate in solid tumors, release DTX and degrade inside tumor cells to form polymer fragments excretable from the body by glomerular filtration.
In vitro cytotoxicity of selected conjugates
Cytostatic/cytotoxic activity of star conjugates, either consisting of a non-degradable carrier (conjugate 6) or of a degradable carrier containing GFLC sequences (conjugate 10), was tested using several murine tumor cell lines and compared with the activity of linear conjugates containing DTX-LEV (conjugate 4), free DTX, and the DTX-LEV derivative. As an alternative to the standard measurement of the proliferative capacity of cells by thymidine incorporation, metabolic activity was used as a relevant parameter because the EL4 cell line is characterized by a very low capacity for thymidine incorporation. The DTX-LEV derivative showed pharmacological activity moderately lower than that of the parent drug in all the tested cell lines ( Table 3 ). Cytostatic/cytotoxic activity of the star polymer conjugates was almost comparable to the activity of DTX-LEV, while the activity of the linear conjugate 4 was slightly lower than that observed in star conjugates. A similar activity relationship between the free drug and the polymer conjugate was observed in cell lines more sensitive to DTX (EL4, 4T1, and LL2), and in less DTX-sensitive cells (CT26). We conclude from these data that the derivatization of DTX by levulinic acid followed by binding of the derivative to the polymer carrier led to the preparation of a conjugate possessing cytotoxic/cytostatic activity in various tumor cell lines in vitro. The shape of the polymer carrier only slightly influenced the pharmacological activity of the conjugates in vitro, as the star-shaped polymer carriers linking DTX-LEV induced merely higher cytostatic activity than the linear one. Initially, we determined the approximate MTD on smaller groups of C57BL/6 mice. In these preliminary experiments, we found that MTD of the linear conjugate (conjugate 4) is much higher than 150 mg kg −1 of DTX eq. as we observed no signs of toxicity and minimum weight loss (data not shown). In the case of the star conjugate (conjugate 6), we assumed its MTD to lie higher than 100 mg kg −1 of DTX eq. because all experimental mice appeared healthy and no morbidity or mortality was observed among groups (data not shown). Simultaneously, we tested the MTD also on BALB/c mice with no differences observed between strains (data not shown).
In accordance with the above mentioned preliminary testing, we injected larger groups of C57BL/6 mice (9 mice per group; 3 random mice were used for histological analysis) with titrated doses of the linear or star conjugate. The linear conjugate (conjugate 4) was administered at a dose of 200 mg kg −1 of DTX eq., which was the highest dose that we was able to solubilize and inject into mice as a bolus. Nevertheless, it still appeared to be safe with minimum weight loss and no signs of toxicity (Fig. 6A ).
Thus we suspect that the MTD is much higher and unreachable in a single dose injection (due to the high viscosity of the polymer solution) leaving a wide therapeutic window for this application of the conjugates. In the case of the star conjugate (conjugate 6), it was injected at doses of 100, 120 and 140 mg kg −1 of DTX eq. We observed no pathology or weight loss (Fig. 6B) ; therefore, we injected a small group of mice (3 mice per group) with 180 mg kg −1 of DTX eq., i.e., the highest dose that we were able to solubilize. Mice showed an approx. 15% weight reduction with mild signs of toxicity (data not shown), which led us to the assumption that MTD of the star conjugate . Each IC 50 value is the mean of data obtained from several independent experiments. b Cytotoxic activity detected using the MTT assay c Cytostatic activity detected by 3 H-TdR incorporation. lies between 140 and 180 mg kg −1 of DTX eq. In comparison with free DTX, which has an MTD of approximately 40 mg kg −1 , 36 both conjugates have significantly lowered toxicity and a wide therapeutic window.
Histological analysis of selected organs
Histology of selected organs from 3 random experimental mice was performed on day 7 post injection. Spleen, kidney, liver and vertebral bone marrow were analysed, and no pathological differences or anomalies were observed compared with naïve control mice. Similar results were observed in mice injected with free DTX at its MTD. Therefore, we assume that the tested conjugates cause no observable damage to tissues and organs including bone marrow and are safe up to the maximum dose applicable in a bolus.
In vivo anti-tumor activity
The HMW star conjugates were designed to achieve enhanced tumor accumulation, leading to an improved anti-tumor effect for the treatment of solid tumors. In an EL4 lymphoma model, we observed an anti-tumor effect of conjugate 6 that was significantly better than the effect of the linear polymer-DTX conjugate (conjugate 4) or free DTX-LEV derivative, even at low dosing. Administration of 20 mg DTX eq. per kg on days 8 and 12 post tumor transplantation significantly reduced the tumor growth, prolonged survival time (median survival 100.5 days vs. 26 days in untreated controls), and finally led to complete cure in 50% of the mice treated with the star conjugate (conjugate 6). The linear polymer-DTX conjugate (conjugate 4) also significantly reduced the tumor growth (Fig. 7A ) and prolonged survival when compared with untreated controls (median 39 days vs. 26 days), but only 25% of the mice remained tumor-free (Fig. 7B) . Indeed, treatment with free DTX-LEV led only to a slightly prolonged survival (median 34 days vs. 26 days in untreated controls) and only 1 of 8 mice was alive after the treatment. The body weight of the treated mice remained stable at least until day 25, documenting that the treatment with the conjugates was not associated with systemic toxicity (data not shown). Upon the second tumor challenge, the animals cured with the polymer conjugates (conjugates 4 and 6) showed tumor resistance, manifested by the absence of tumor growth even without any treatment. In contrast, the resistance was not apparent in the DTX-LEV-cured animal (Fig. 7B) .
The enhanced anti-tumor activity of the HMW star conjugate could be directly related to increased accumulation of the drug in the tumor tissue due to the EPR effect. This is concordant with our previous data concerning a similar star conjugate containing doxorubicin. 23, 35 This star DOX conjugate caused larger drug accumulation in the tumor than a linear one, peaking at 24 hours post administration. The enhanced drug accumulation is predominantly dependent on the size of the polymer carrier. 35 We hypothesize that similar to DOX conjugates, enhanced accumulation of DTX could be achieved with the star conjugate, leading to an increased anti-tumor effect. It should be noted that the size of the star DTX conjugate is approximately 26 to 30 nm (Table 2) ; thus, we assume that these conjugates would have a good ability to penetrate into the tissue. Combined, the high MTD and the low dose anti-tumor effects of the DTX star demonstrate their considerable therapeutic potential and low/undetectable systemic toxicity. We have already shown that reduced toxicity of drug conjugates toward the immune system is a prerequisite for obtaining safe cancer treatments, which may lead to immunologically mediated tumor resistance, which has been observed in experimental tumor treatments and even in patients. 30, 37, 38 The cancer resistance resulting from the treatment with HPMA copolymer conjugates serves as a safeguard against the cancer recurrence. Currently, consensus exists that modern cancer therapy not only kills the cancer but also initiates anti-cancer immune responses. The way the cancer cells die upon treatment is essential for initiating anti-cancer immune responses that support the therapy and is responsible for the final outcome of therapy. Cancer cell killing and anti-cancer immune responses are inseparable components of successful cancer therapy. 39, 40 Intact immune mechanisms were shown to be a prerequisite for the complete experimental tumor regression induced by HPMA-based polymer therapeutics. 41 In DOX-containing HPMA conjugates, induction of immunogenic cancer cell death was documented. 37, [41] [42] [43] Some modulatory effects at low concentrations were also observed in DTX treatment, such as a reduction in immunosuppressive capacity of myeloid-derived suppressor cells that dampen the anti-cancer immune responses of the host organism in tumor-bearing animals and patients. 44 We speculate that a similar activity could manifest also in treatment with DTX bound to the HPMA copolymer carrier. In addition to the previously described star polymer-DOX conjugates, 23, 35 we can summarise that HMW star polymer carriers could be used not only for enhanced drug delivery of soluble drugs as DOX, but also for solubilisation, elimination of systemic toxicity, controlled drug delivery and the related increase in the anti-tumor effect of highly hydrophobic, non-water soluble drugs such as DTX.
Conclusions
In the present study we described the synthesis, physicochemical characterization, in vitro drug release, biodegradation and in vivo anti-cancer activity of high-molecular-weight DTX conjugates based on star HPMA copolymer carriers. The increased size of the star conjugates as compared with the linear conjugates makes them excellent candidates for solid tumor treatment based on the enhanced passive accumulation driven by the EPR effect. Three types of star conjugates were synthesized with different hydrazone-containing spacers between the DTX and HPMA copolymer to enable controlled drug release in solutions modeling intracellular or intratumoral environments. The rate of release of DTX and/or its ester derivative is strongly dependent on the specific structure in the vicinity of the hydrazone bond, being the highest for the spacer containing the OHT ester of DTX, moderate for the LEV ester and the lowest for the COV ester. No significant difference was found in the rate of release when a linear conjugate or HMW star polymer conjugate was studied. In vivo evaluation of the MTD and anti-cancer activity of the star DTX-polymer conjugates confirmed their very low toxicity and superior activity over the linear polymer conjugate or free DTX in the treatment of EL4 T-cell lymphoma in mice. We have found that the star DTX conjugate had a remarkably higher MTD compared with DTX (single dose 140-180 mg DTX eq. kg −1 vs. 40 mg kg −1 stated for DTX), thus the conjugation of DTX to the HMW polymer carriers led to a significant decrease in systemic toxicity and opened a wide therapeutic window for the treatment of selected solid tumors. A remarkably high anti-tumor effect was induced in treating experimental murine EL4 lymphoma even at suboptimal doses of the star DTX conjugate (20 mg kg −1 DTX eq., below 14% of MTD) resulting in a 50% cure rate, significantly exceeding the effect induced by the linear DTX conjugate or free DTX-LEV. In conclusion, we illustrated that the star pH-sensitive polymer-DTX conjugates have the potential to induce an excellent in vivo anti-tumor effect without apparent adverse effects.
